1. Introduction {#sec0005}
===============

Cavitation, defined as the formation, growth and collapse of bubbles in a liquid, is used in a multitude of applications including surface cleaning [@bib0005], mixing [@bib0010], as well as medical imaging and therapy. The formation of bubbles in a pure liquid requires extreme negative pressures to overcome the tensile strength of the liquid. For example, peak-negative pressures required to induce acoustic cavitation in distilled water [@bib0015] are typically 140 MPa, theoretically, and often over 30 MPa experimentally [@bib0020], [@bib0025].

Cavitation nuclei and inhomogeneities, such as those typically found in human tissue, can lower the cavitation threshold towards less extreme peak negative pressures. A whole area in biomedical research focuses on facilitating nucleation through the use of microbubbles, nanoparticles or other cavitation nuclei for medical applications. These include kidney stone removal [@bib0030], [@bib0035] through extracorporeal shockwave lihotripsy, accelerated clot lysis or sonothrombolysis [@bib0040], enhanced delivery and uptake of drugs, genes or viruses to cells and interstitial tissues [@bib0045], [@bib0050], [@bib0055], and embolotherapy by triggering the phase-change of liquid perfluorocarbon agents [@bib0060], [@bib0065], [@bib0070].

Despite the presence of facilitating agents, inducing cavitation by means of a pressure wave remains challenging. In contrast, localized heating provides an easier and more reproducible way to reach the vaporization threshold and is of interest for a similar range of applications. This observation triggered a deep interest for heat-induced, and in particular laser-induced, cavitation. A promising approach lies in the use of photoacoustic nanodroplets consisting of a perfluoropentane (PFP) core loaded with plasmonic nanoparticles and a stabilized by a serum albumin shell [@bib0075]. A pulsed laser then triggers a phase transition of the PFP, inducing vaporization. Plasmonic nanoparticles triggered by pulsed or CW laser excitation were proposed for cancer therapy [@bib0080], [@bib0085], or as an alternative approach for light to steam energy conversion [@bib0090]. Alternative constructs consisting of light-absorbing microcapsules have also been designed to overcome the safety concerns associated to metallic nanoparticles, and proposed for therapy [@bib0095] and multimodal imaging [@bib0100]. While there is a clear interest for this type of light-absorbing particles and the resulting cavitation events, further development of innovative and effective systems would be greatly facilitated by a more detailed understanding of the physical phenomena at hand. In particular, the role of multiple liquid phases, e.g. oil and water, in the vaporization process, the strong coupling between heat transfer and ultrafast microbubble dynamics and the resulting acoustic activity require more investigation.

We have demonstrated before that light-absorbing microcapsules can vaporize the surrounding water upon laser irradiation [@bib0105] and have established the basic physical understanding for this type of systems by providing a simplified theoretical model. The system previously studied, however, is limited in its applicability by the combined high boiling point and large heat capacity of water.

A promising approach to further reduce the vaporization threshold consists in loading a low boiling point liquid in the capsule core, such as a perfluorocarbon [@bib0095], [@bib0100]. Moreover, breaching the encapsulating shell also consumes energy, leaving less energy available for vaporization. A further lowering of the activation threshold could therefore be accomplished by partial encapsulation of a low boiling point liquid core, e.g. in a cup or acorn-shaped particle. The behavior of these multiphase systems cannot be described using our previous model [@bib0105].

Here, we want to investigate the physical mechanisms underlying the vaporization of three systems: (i) a capsule where the outer liquid preferentially vaporizes owing to a high boiling-point core, i.e. the system in Lajoinie et al. (2014), (ii) a capsule containing a low boiling-point core, that vaporizes preferentially over the surrounding water and (iii) a "cup" where the low boiling point core is only partially encapsulated in order to save the energy necessary to rupture the polymer shell. The mechanical response of these microparticles is investigated experimentally by means of ultra-high-speed imaging and their behavior is described theoretically using first a two-phase, then three-phase, thermodynamic model. The model is both more general and robust than that previously proposed [@bib0105]. More specifically, the present model encompasses the partial vaporization of both the oil core and the surrounding liquid in relation to the dynamics of the microbubbles in a weakly compressible medium. In addition, we greatly refine the treatment of heat transfer and define a thermal boundary layer that accounts for heat diffusion, vaporization/condensation at the interface, temperature changes in the gas and bubble dilation/compression. Experimental results and theory show good agreement, which opens interesting routes to describe a variety of more complex laser-activated vaporization systems.

2. Theory {#sec0010}
=========

2.1. Thermodynamics of the two-phase system {#sec0015}
-------------------------------------------

From a theoretical standpoint, the simplest microcapsule formulation consist of the high boiling point oil core variant [@bib0105], i.e. a capsule containing an oil whose vaporization temperature is much higher than that of water. In first approximation, the core is therefore assumed not to vaporize and the resulting bubble consists of pure water vapor. These capsules (hereafter referred to as "HighBP" for "High Boiling Point") can therefore be modeled using a 2-phase system. The vapor/liquid equilibrium is described by the Antoine law [@bib0110]:$$P_{g} = 10^{A - \frac{B}{C + T_{g}}},$$where *P*~*g*~ is the gas pressure, *T*~*g*~ is the gas temperature and A, B and C are constants that are specific to the liquid considered [@bib0115], in this case water.

We follow the closed system, as depicted in [Fig. 1](#fig0005){ref-type="fig"}a, between the times *t* and *t* + Δ*t* where a water layer of thickness *dr* vaporizes or condenses. Practically, *dr* is positive or negative during vaporization or condensation, respectively. The thermodynamics of this system can be derived using the change in enthalpy, described by the first thermodynamics principle, which writes:$$\Delta h = Q(t + \Delta t) - Q(t) + W(t + \Delta t) - W(t),$$where *Q* represents the heat gained by the system and *W* the work done by the pressure forces. Or, considering heating and phase change:$$\begin{matrix}
{\Delta h} & {= h\left( t + \Delta t \right) - h\left( t)\mspace{270mu} \right.} \\
 & {= \left( n + {dn} \right)c_{p_{w}}{\overset{\sim}{\mu}}_{w}\left( T_{g}\left( t + \Delta t \right) - T_{g}\left( t \right) \right) + {dn}\text{ \,\,}h_{v_{w}}{\overset{\sim}{\mu}}_{w},} \\
\end{matrix}$$where *n* is the number of moles in the system, *dn* is the number of moles that vaporized during Δt (*dn* ≪ *n*), $c_{p_{w}}$ is the specific heat of water, ${\overset{\sim}{\mu}}_{w}$ is the molar mass of water, *T*~*g*~ is the temperature of the gas and $h_{v_{w}}$ is the vaporization enthalpy. *T*~*g*~ is considered to be homogeneous in the layer for short Δt. Eqs. [(2)](#eq0010){ref-type="disp-formula"} and [(3)](#eq0015){ref-type="disp-formula"} then yield:$$\frac{dh}{dt} = nc_{p_{w}}{\overset{\sim}{\mu}}_{w}{\overset{˙}{T}}_{g} + \overset{˙}{n}h_{v_{w}}{\overset{\sim}{\mu}}_{w} = \overset{˙}{Q} + \overset{˙}{W},$$with:$$\overset{˙}{W} = - P_{R^{+}}\frac{dV}{dt} = - \left( {P_{g} - \frac{2\sigma}{R} - \frac{4\mu\overset{˙}{R}}{R}} \right)\overset{˙}{V},$$where *σ* is the surface tension and *μ* the dynamic viscosity of water, and *R* and $\overset{˙}{R}$ are the radius of the bubble and velocity of the vapor--liquid interface, respectively. *V* is the volume of the bubble, $\overset{˙}{V}$ is the volume change rate. $P_{R^{+}}$ is the pressure just outside the bubble. Heat transfer can be written as:$$\overset{˙}{Q} = P_{i} - P_{\ell},$$where P~ℓ~ is the loss of power through the vapor--liquid interface and P~i~ is the power provided to the bubble by the hot polymer. We assume that only the dye-doped polymer is able to absorb light, owing to the low optical absorption of the other components. The polymer subsequently provides thermal energy to support the growth of the vapor bubble. Because of the microscopic dimension of the capsules, we assume that the polymer is instantly and homogeneously heated by the laser pulse to a temperature *T*~*p*0~. Although the absorption coefficient of the polymer is high, the extinction cannot exceed a few percent of the total laser energy at most at this scale, i.e. *αe*~*p*~ ≪ 1 with *α* the absorption coefficient and *e*~*p*~ the thickness of the polymer slab. Heat is then transferred into the vapor, increasing its pressure:$$P_{i} = S_{p}\lambda_{p}\frac{T_{p} - T_{g}}{\delta_{p}}.$$Here, *S*~*p*~ is the surface area of the polymer, *λ*~*p*~ is the thermal conductivity of the polymer, *T*~*p*~ is the polymer temperature, and *δ*~*p*~ is the thermal boundary layer in the polymer.Fig. 1**Schematic representation of the thermodynamic model that describes the vaporization of microcapsules a**. Microcapsule with a high boiling point core (two phase system) and **b**. microcapsule with a low boiling point core (three phase system).Fig. 1

The thermal boundary layer thickness in the polymer is simplified to:$$\frac{1}{\delta_{p}\left( t \right)} = \frac{1}{\sqrt{D_{p}t}} + \frac{2}{e_{p}},$$with *D*~*p*~ the thermal diffusivity of the polymer. This expression, similar to that of a hot sphere, describes the fast diffusion dynamics at short times and the plateauing of the thermal boundary layer thickness at long times. In view of the complex fate of the polymer shell, which includes breaking and reshaping, using a more refined expression would only complicate the model with little added value.

In Eq. [(6)](#eq0030){ref-type="disp-formula"}, P~ℓ~ represents the power lost at the vapor--liquid interface:$$P_{\ell} = \lambda_{w}4\pi R^{2}(t)\frac{T_{g0} - T_{a}}{\delta(t)},$$with $\lambda_{w}$ the thermal conductivity of water, *R* the radius of the gas bubble, *T*~*g*0~ the temperature of the gas at t=0, *T*~*a*~ the ambient temperature far away from the bubble and *δ*(*t*) the thermal boundary layer thickness in the water surrounding the microbubble.

Combining Eqs. [(4)](#eq0020){ref-type="disp-formula"}, [(5)](#eq0025){ref-type="disp-formula"}, [(6)](#eq0030){ref-type="disp-formula"}, [(7)](#eq0035){ref-type="disp-formula"} and [(9)](#eq0045){ref-type="disp-formula"} yields:$$\begin{matrix}
{nc_{p_{w}}{\overset{\sim}{\mu}}_{w}{\overset{˙}{T}}_{g} + \overset{˙}{n}h_{v_{w}}{\overset{\sim}{\mu}}_{w} = P_{i} - P_{\ell} - \left( {P_{g} - \frac{2\sigma}{R} - \frac{4\mu\overset{˙}{R}}{R}} \right)\overset{˙}{V}.} \\
\end{matrix}$$

Using the ideal gas law:$$\overset{˙}{n} = n\left( {\frac{{\overset{˙}{P}}_{g}}{P_{g}} + \frac{\overset{˙}{V}}{V} - \frac{{\overset{˙}{T}}_{g}}{T_{g}}} \right),$$

Finally, substituting Eqs. [(11)](#eq0055){ref-type="disp-formula"} and [(1)](#eq0005){ref-type="disp-formula"} in Eq. [(10)](#eq0050){ref-type="disp-formula"} leads to a first differential equation governing the gas temperature:$${\overset{˙}{T}}_{g} = \frac{\left( {P_{i} - P_{\ell} - \frac{h_{v_{w}}n{\overset{\sim}{\mu}}_{w}\overset{˙}{V}}{V} - \left( {P_{g} - \frac{2\sigma}{R} - \frac{4\mu\overset{˙}{R}}{R}} \right)\overset{˙}{V}} \right)}{n{\overset{\sim}{\mu}}_{w}\left( {c_{p_{w}} + \frac{h_{v_{w}}{Bln}\left( 10 \right)}{\left( C + T_{g} \right)^{2}} - \frac{h_{v_{w}}}{T_{g}}} \right)},$$where P~i~ is described by Eq. [(7)](#eq0035){ref-type="disp-formula"}, P~ℓ~ is described by Eq. [(9)](#eq0045){ref-type="disp-formula"} and *P*~*g*~ is described by Eq. [(1)](#eq0005){ref-type="disp-formula"}.

*δ*(*t*) is yet to be defined and collects all aspects of heat diffusion, change in the geometry of the system and condensation or vaporization. The thermal boundary layer thickness *δ* is influenced by 3 factors. First, a volume increase (or decrease) of the bubble in a spherical system redistributes the energy and thins (or thickens) the thermal boundary layer. Second, heat diffusion will add (or remove) thermal energy and finally, vaporization/condensation will directly affect the thermal boundary layer thickness. Writing the energy difference in the time interval *dt*:$$\begin{aligned}
\frac{E(t + {dt}) - E(t)}{dt} & {= 2\pi R^{2}c_{p_{w}}\rho_{w}\Delta T\left( \frac{\delta(t + {dt}) - \delta(t)}{dt} \right)} \\
 & {+ 4\pi R\overset{˙}{R}c_{p_{w}}\rho_{w}\Delta T\delta(t).} \\
\end{aligned}$$where *E* is the energy and $\rho_{w}$ is the water density. This energy difference also corresponds to the heat diffusing out during the same time interval due to the temperature gradient at the bubble wall interface:$$\frac{E(t + {dt}) - E(t)}{dt} = 4\pi R^{2}\lambda_{w}\frac{\Delta T}{\delta}.$$

The change in boundary layer thickness due to condensation/vaporization can be derived from the vaporization rate:$${dV} = 4\pi R^{2}{dr} = \frac{\overset{˙}{n}{\overset{\sim}{\mu}}_{w}}{\rho_{w}},$$with dV the volume of water undergoing phase change and *dr* the thickness of the vaporized liquid layer. Finally, combining Eqs. [(13)](#eq0065){ref-type="disp-formula"}, [(14)](#eq0070){ref-type="disp-formula"}, [(15)](#eq0075){ref-type="disp-formula"}:$$\overset{˙}{\delta} = \frac{2\lambda_{w}}{\rho_{w}c_{p_{w}}\delta} - \frac{2\overset{˙}{R}\delta}{R} - \frac{\overset{˙}{n}{\overset{\sim}{\mu}}_{w}}{4\pi\rho_{w}R^{2}}.$$

2.2. Thermodynamics of the three-phase system {#sec0020}
---------------------------------------------

When the oil core has a low boiling point, the system becomes a three phase system (liquid oil, liquid water and gas phase) and the bubble will consist of oil vapor and water vapor ([Fig. 1](#fig0005){ref-type="fig"}b). These particles (hereafter referred to as "LowBP" for "Low Boiling Point") must therefore be modeled using a 3-phase system in order to account for the effect of the core. The derivation for the three-phase system is identical, and we therefore provide only the modified equations.

The variation of enthalpy in the three-phase system writes:$$\begin{array}{ll}
\frac{dh}{dt} & {{= \overset{˙}{T}}_{g}{\left( {n_{c}c_{p_{c}}{\overset{\sim}{\mu}}_{c} + n_{w}c_{p_{w}}{\overset{\sim}{\mu}}_{w}} \right) + {\overset{˙}{n}}_{c}h_{v_{c}}{\overset{\sim}{\mu}}_{c} + {\overset{˙}{n}}_{w}h_{v_{w}}{\overset{\sim}{\mu}}_{w}}} \\
 & {= P_{i} - P_{\ell} - \left( {P_{g} - \frac{2\sigma}{R} - \frac{4\mu\overset{˙}{R}}{R}} \right)\overset{˙}{V},} \\
\end{array}$$where *n*~*c*~ is the number of moles of oil vapor, $n_{w}$ the number of moles of water vapor, $c_{p_{c}}$ the specific heat of the core oil, $c_{p_{w}}$ the specific heat of the water, ${\overset{\sim}{\mu}}_{c}$, the molar mass of the oil, ${\overset{\sim}{\mu}}_{w}$, the molar mass of the water, $h_{v_{c}}$ the vaporization enthalpy of oil and $h_{v_{w}}$ the vaporization enthalpy of water.

Rewriting Eq. [(17)](#eq0085){ref-type="disp-formula"} yields the following differential equation for *T*~*g*~:$${\overset{˙}{T}}_{g} = \frac{P_{i} - P_{\ell} - \left( {P_{g} - \frac{2\sigma}{R} - \frac{4\mu\overset{˙}{R}}{R}} \right)\overset{˙}{V} - {\overset{˙}{n}}_{c}h_{v_{c}}{\overset{\sim}{\mu}}_{c} - {\overset{˙}{n}}_{w}h_{v_{w}}{\overset{\sim}{\mu}}_{w}}{n_{c}c_{p_{c}}{\overset{\sim}{\mu}}_{c} + n_{w}c_{p_{w}}{\overset{\sim}{\mu}}_{w}},$$where P~i~ and P~ℓ~ are defined as in Eq. [(7)](#eq0035){ref-type="disp-formula"} and Eq. [(9)](#eq0045){ref-type="disp-formula"}. *P*~*g*~ is the gas pressure, that we describe using the definition of the partial pressures:$$P_{g} = \frac{n_{c}}{n}P_{c} + \frac{n_{w}}{n}P_{w},$$where *P*~*c*~ is the partial pressure of the core material (i.e. the oil) and $P_{w}$ is the partial pressure of water. Using the perfect gas law, the thermal boundary layer for the three phase system becomes:$$\overset{˙}{\delta} = \frac{2\lambda_{w}}{\rho_{w}c_{p_{w}}\delta} - \frac{2\overset{˙}{R}\delta}{R} - \frac{{\overset{˙}{n}}_{w}{\overset{\sim}{\mu}}_{w}}{4\pi\rho_{w}R^{2}} - \frac{{\overset{˙}{n}}_{c}{\overset{\sim}{\mu}}_{c}}{4\pi\rho_{c}R^{2}}.$$

Moderate laser energies will lead to a partial vaporization of the oil that then remains in equilibrium with its vapor. $\overset{˙}{n}$ in Eq. [(16)](#eq0080){ref-type="disp-formula"} now consists of two contributions for the water and the oil, represented by ${\overset{˙}{n}}_{w}$ and ${\overset{˙}{n}}_{c}$, respectively. Using Antoine\'s equation to calculate $P_{c}$ and $P_{w}$ and their time derivatives, differentiating the ideal gas law and combining leads to the differential equation:$${\overset{˙}{n}}_{i} = n_{i}\left( {\frac{\overset{˙}{V}}{V} + {\overset{˙}{T}}_{g}\left( {\frac{B_{i}\ln(10)}{{(T_{g} + C_{i})}^{2}} - \frac{1}{T_{g}}} \right)} \right),$$where $i = w$ or *c*, stands for the water or the core material (i.e. the oil). Finally:$$\begin{matrix}
{{\overset{˙}{P}}_{g} =} & {\frac{{\overset{˙}{T}}_{g}}{n}\left( {\frac{B_{c}n_{c}\ln\left( 10 \right)}{\left( T_{g} + C_{c} \right)^{2}}\left( 2P_{c} - P_{g} \right) +} \right.} \\
 & {\frac{B_{w}n_{w}\ln\left( 10 \right)}{\left( T_{g} + C_{w} \right)^{2}}\left( 2P_{w} - P_{g} \right)} \\
 & {\left. {+ \frac{n_{c}\left( P_{g} - P_{c} \right) + n_{w}\left( P_{g} - P_{w} \right)}{T_{g}}} \right) +} \\
 & {\frac{\overset{˙}{V}}{nV}\left( {n_{c}\left( P_{c} - P_{g} \right) + n_{w}\left( P_{w} - P_{g} \right)} \right).} \\
\end{matrix}$$Note that in practice, the oil is contained in the core of the capsule and is therefore available only in limited amount.

In case of complete vaporization, the ideal gas law is used to calculate the partial pressure of the oil vapor, reducing Eq. [(21)](#eq0110){ref-type="disp-formula"} to:$$\begin{matrix}
{{\overset{˙}{P}}_{g} =} & {\frac{{\overset{˙}{T}}_{g}}{n}\left( {\frac{\ln\left( 10 \right)B_{w}n_{w}}{\left( T_{g} + C_{w} \right)^{2}}\left( 2P_{w} - P_{g} \right) +} \right.} \\
 & \left. \frac{n_{c}P_{c} + n_{w}\left( P_{g} - P_{w} \right)}{T_{g}} \right) \\
 & {+ \frac{\overset{˙}{V}}{nV}\left( {n_{c}P_{c} + n_{w}\left( P_{w} - P_{g} \right)} \right).} \\
\end{matrix}$$

2.3. Momentum {#sec0025}
-------------

The backbone of the derivation is momentum conservation in spherical coordinates, i.e. a Rayleigh-Plesset-type equation that connects the gas pressure in the bubble to dynamics of the bubble radius. Here, we use the Keller-Miksis equation [@bib0120], also derived by Prosperetti and Lezzi [@bib0125]:$$\begin{matrix}
{\left( {1 - \frac{\overset{˙}{R}}{c_{l}}} \right)R\overset{¨}{R} + \frac{3}{2}\left( {1 - \frac{\overset{˙}{R}}{3c_{l}}} \right){\overset{˙}{R}}^{2}} \\
{= \frac{1}{\rho}\left\lbrack {\left( {1 + \frac{\overset{˙}{R}}{c_{l}}} \right)\left( {P_{g} - P_{atm} - \left( {\frac{2\sigma}{R} + \frac{4\mu\overset{˙}{R}}{R}} \right)} \right) +} \right.\left. \left( {\frac{R}{c_{l}}{\overset{˙}{P}}_{g}} \right) \right\rbrack.} \\
\end{matrix}$$with *c*~*l*~ the speed of sound in the liquid. Note that we neglect the small effect of the interfacial terms on the acoustic radiation term $\frac{R}{\rho c_{l}}{\overset{˙}{P}}_{g}$. In our derivation, the polymer is assumed not to influence the dynamics of the vapor/liquid interface.

Eqs. [(12)](#eq0060){ref-type="disp-formula"}, [(19)](#eq0100){ref-type="disp-formula"}, [(21)](#eq0110){ref-type="disp-formula"} and [(23)](#eq0120){ref-type="disp-formula"} (alternatively Eqs. [(12)](#eq0060){ref-type="disp-formula"}, [(16)](#eq0080){ref-type="disp-formula"}, [(1)](#eq0005){ref-type="disp-formula"} and [(23)](#eq0120){ref-type="disp-formula"} now form the set of coupled differential equations that can be integrated to obtain the radius-time curve of the cavitation bubble, with the associated temperature and pressure fields.

3. Materials and methods {#sec0030}
========================

3.1. Materials {#sec0035}
--------------

Sodium cholate hydrated, Polyvinyl alcohol (PVA), Poly(lactide-co-glycolide) Resomer RG502 (MW 7--17 and MW 28--34), Poly(methyl methacrylate) (MW 120,000), Hexadecane, Sudan Red, Nile Red and Dichloromethane (ACS reagent) were purchased from Sigma-Aldrich (St. Louis, MO, USA). PDLG 5002, PDLG 5004 and PDL 02 were supplied by Purac. Perfluoropentane (PFP) was purchased from Fluorochem (UK). Tween 20 was purchased from VWR (The Netherlands).

3.2. Capsules production method {#sec0040}
-------------------------------

Hexadecane-loaded PMMA microcapsules were prepared by a emulsion solvent evaporation technique, using microsieve emulsification [@bib0130]. Prior to emulsification, hexadecane (boiling point, T~*b*~ = 286 °C), PMMA (glass transition temperature, T~*glass*~ = 103 °C) and dye were dissolved in dichloromethane. The final oil concentration was 2.16% w/w. The dye concentration was either 3 or 5% w/w.

Resomer microcapsules containing perfluoropentane were fabricated in a similar way as the PMMA capsules. Resomer (T~*glass*~ = 50 °C) was dissolved into dichloromethane along with perfluoropentane (T~*b*~ = 29 °C) and dye and placed in a 20 °C bath to ensure the full miscibility of the oil in dichloromethane. Ultrapure water containing an emulsifier (PVA 4% (w/w) or SC 1.5% (w/w)) maintained below 15 °C was used as continuous phase. The final oil concentration was 2.42% w/w and dye concentration was 5% w/w.

The solutions were filtered through a 0.45 μm PTFE filter and emulsified through a microsieve membrane (Nanomi B.V., The Netherlands) with uniform pores along the surface. The emulsions were then spread into an aqueous solution containing an emulsifier. This was left to stir at room temperature for at least 3 h to evaporate the dichloromethane. The hardened microcapsules were concentrated and washed repeatedly by using a vacuum filtration and using an 0.05% w/w Tween 20 solution. Subsequently, the washed suspension was stored at 4 °C.

For the remainder of this paper, we will refer to the high boiling-point PMMA-Hexadecane capsules as highBP capsules and to the low boiling-point resomer-PFP capsules as lowBP capsules.

Acorn shaped particles were also produced with the same formulation as the Resomer-PFP capsules except for a slightly higher molecular weight of the Resomer, and will be referred to as lowBP cups in this paper. The cups are used to study the importance of particle geometry.

3.3. Particle characterization {#sec0045}
------------------------------

Scanning Electron Microscopy (SEM) was performed using a JEOL JCM-5000 (NeoScope) operating between 5 and 15 kV in high vacuum mode. Particles were coated with NeoCoater MP-19020 NCTR. Before imaging, particles were washed by filtration in order to remove the excess of surfactant which can interfere and decrease the quality of the SEM recordings.

A Beckman Coulter Counter (Multisizer 3) was used to determine the particle size distribution (PSD). Data was recorded and statistically treated by Multisizer™ 3.53 software. ISOTON® diluent was used as electrolyte, and a aperture tube of 50 μm was used.

3.4. Numerical modeling {#sec0050}
-----------------------

Integration of the set of differential equations was performed in Matlab® using the stiff ODE solver 15 s. The set of physical properties used in the simulation is provided in [Table 1](#tbl0005){ref-type="table"}. We compute the model for initial polymer temperatures (*T*~*p*0~) ranging from 308 to 673 K by increments of 5 K, where the highest temperature corresponds to the critical temperature of water. During numerical simulation, the surface tension was set to zero when the cavitation nucleus is smaller than the capsule to represent the shielding of the bubble nucleus by the polymer shell.Table 1L**ist of material properties:** list and values of the material properties appearing in the model, and necessary for the simulation of the cavitation dynamics.Table 1ParameterSymbolValueUnitAntoine coefficient A (water)3.55959/Antoine coefficient B (water)643.748/Antoine coefficient C (water)−198.043KAntoine coefficient A (PFP)4.38423/Antoine coefficient B (PFP)1257.758/Antoine coefficient C (PFP)−13.231KVaporization enthalpy (water)$h_{v_{w}}$function of temp. (webbook, NIST)J.kg^−1^Vaporization enthalpy (PFP)$h_{v_{c}}$93,950J.kg^−1^Molar mass (water)$\widetilde{\mu_{w}}$18 . 10^−3^kg.mol^−1^Molar mass (PFP)$\widetilde{\mu_{c}}$0.288kg.mol^−1^Specific heat (water)$c_{p_{w}}$4186J.K^−1^.kg^−1^Specific heat (PFP)$c_{p_{c}}$653.8J.K^−1^.kg^−1^Surface tension water*σ*function of temp. (webbook, NIST)N.m^−1^Dynamic viscosity (water)*μ*10^−3^Pa.sThermal conductivity (polymer)*λ*~*p*~0.17W.m^−1^.K^−1^Thermal conductivity (water)$\lambda_{w}$0.61W.m^−1^.K^−1^Heat diffusion area (polymer)*S*~*p*~$4/\pi R_{i}^{2}$m^2^Shell thickness*e*~*p*~*R*~*e*~ − *R*~*i*~mDiffusivity (polymer)*D*~*p*~1.36 . 10^−7^m^2^.s^−1^Ambient temperature*T*~*a*~293KDensity (water)$\rho_{w}$10^3^kg.m^−3^Density (PFP)*ρ*~*c*~1630kg.m^−3^Atmospheric pressure*P*~*atm*~10^5^Pa

The influence of three parameters was investigated. First, the inital temperature of the surrounding liquid (*T*~*a*~). Second, the ratio of the inner to outer radii of the capsules is varied from 0.1 to 0.9. Finally, the external radius was varied, from 500 nm up to 10 μm. The default values and the range used in the simulation for each parameter is given in [Table 2](#tbl0010){ref-type="table"}.Table 2**Default value and parameter range for the numerical simulation.***T*~*a*~ is the temperature of the surrounding liquid, *R*~*ext*~ is the external radius of the microcapsules, and *R*~*int*~ is its internal radius.Table 2Default valueParameter range*T*~*a*~293 K273--323 K*R*~*ext*~3 μm500 nm--10 μm$\frac{R_{int}}{R_{ext}}$0.80.1--0.9

3.5. Setup and experimental methods {#sec0055}
-----------------------------------

A suspension of microcapsules was injected into an Opticell and a single microcapsule was located through a water-immersion objective (60×, NA = 0.9 Olympus). The capsules were excited with an 8 ns laser pulse at a wavelength of 532 nm (Quantel Evergreen 150 mJ). HighBP capsules were irradiated only once, since no further response was expected at multiple excitations. LowBP capsules and cups are both irradiated three times. Optical imaging was performed using the Brandaris 128 ultra-high-speed camera [@bib0135], [@bib0140] operated at a speed of 10 million fps (128 images per recording; FOV 34 × 47 μm), the sample was illuminated using a Xenon strobe light. The acoustic emissions in response to laser activation were recorded with a focused broadband 1 MHz US transducer (C302 Panametrics), see [Fig. 2](#fig0010){ref-type="fig"}. The US signals were amplified using a pulser/receiver (Olympus model 5077PR). Single capsules were located using a CCD camera (Lumenera LM165M) and light source (KLed 2500, Schott), coupled through the Xenon strobe light. The experiment was performed at various laser energies to find the threshold for vaporization and quantify the statistical behavior of the microcapsules. Experiments were performed at 20 °C.Fig. 2**Setup Schematic**. Schematic of the ultra-high speed imaging setup, combining optical and acoustical detection. The laser beam is focused through the microscope onto a single microcapsule contained in an Opticell. The response is recorded using the Brandaris 128 camera at a speed of 10 to 15 million frames per second. The acoustical response is recorded by a broadband focused 1 MHz transducer.Fig. 2

The optical data was analyzed using Matlab®. The area *A* covered by the capsule and the produced bubble within the recorded frames was determined through thresholding and, assuming spherical bubbles, was used to determine the equivalent bubble radius through $R = \sqrt{\frac{A}{\pi}}$. When analyzing the radius-time curves, 2 situations can arise. In case (1), either the capsule is separated from the bubble ([Fig. 6](#fig0030){ref-type="fig"}, II and III) or the bubble fully overlaps with the polymer shell ([Fig. 7](#fig0035){ref-type="fig"}). In this case, the polymer does not interfere with the bubble size detection. In case (2), the polymer is intact and attached to the bubble ([Fig. 8](#fig0040){ref-type="fig"}), in which case the detected area corresponds to the area covered by the polymer plus that covered by the bubble. Each individual case has been categorized into cases (1) or (2). The correction for case (2) consists in using the first reference recording (no laser excitation) from which we determine the area covered by the polymer. This area is then subtracted from what is detected in the subsequent recordings with the laser ON.

4. Results {#sec0060}
==========

4.1. Vaporization dynamics (numerics) {#sec0065}
-------------------------------------

The highBP capsule has a PMMA, polymer shell with a thickness of approximately 600 nm, a hexadecane core and a radius of 3 μm (PDI 10%), very similar to our earlier work [@bib0105], resulting in a ratio $\frac{R_{int}}{R_{ext}}$ of 0.8. The lowBP capsules have a radius of 2.5 μm (PDI 10%), and were formulated so as to have comparable proportions, i.e. $\frac{R_{int}}{R_{ext}}$ = 0.8, see SI1. SEM images of the capules and cups are shown in [Fig. 3](#fig0015){ref-type="fig"}.Fig. 3**Different microcapsule morphologies that can result from emulsion based phase separation.(a)** Schematics of a capsule that contain a low (perfluoropentane) or high (hexadecane) boiling point and (**b)** SEM image of such a capsule. (**c)** Schematic and (**d**) SEM image of a cup.Fig. 3

The model, as derived above, requires 3 parameters in order to predict the behavior of the capsules: ambient temperature, radius of the capsules and amount of polymer (i.e. the ratio of inner to outer radius of the shell). The effect of laser heating is described in terms of initial temperature of the polymer shell. Since the lowBP capsule formulation and the cups contain the same amount of polymer and oil, they are numerically indistinguishable (note that the model focuses on the vaporization dynamics after nucleation). [Fig. 4](#fig0020){ref-type="fig"} provides a visualization of the model for both types of particles with standard sizes and shell thicknesses, see SI1 for the size distribution of the capsules. The response of the bubbles is provided as a function of time and initial polymer temperature. The lowBP capsule generates larger bubbles (20 μm versus 14 μm for the highBP capsule) and the threshold for activation lies at lower temperatures: 380 K for the highBP capsules versus 320 K for the lowBP capsules.Fig. 4**Radius-time curves.** Radius-time curves computed for (**a**) lowBP capsules (Resomer-PFP) and (**b**) highBP capsules (PMMA-hexadecane. The particles size is the nominal size of the capsules produced for the study.Fig. 4

In a first set of simulations, we investigate the effect of ambient temperature, which was varied from 273 K to 323 K in increments of 5 K. The external radius, R~*ext*~ is kept constant at 3 μm and the ratio of the inner to outer shell radius is set to 0.8. The impact on the cavitation dynamics is shown in [Fig. 5](#fig0025){ref-type="fig"}a and b. Increasing the ambient temperature *T*~*a*~ in the model has two effects. First, it reduces the difference between the initial temperature of the liquids and their boiling temperatures and thus increases the fraction of energy that can be used for vaporization with respect to heating. Second, increasing the ambient temperature decreases the temperature difference between the bubble produced and the surrounding liquid, thereby reducing heat loss from the bubble towards the water bath. The lowBP capsules ([Fig. 5](#fig0025){ref-type="fig"}a) display a steep response when the temperature of the water bath comes close to the boiling point of the oil (*T*~*b*~∼302 K). For the highest temperature, the microcapsules\' response display a quasi plateau. For the high boiling point capsules ([Fig. 5](#fig0025){ref-type="fig"}b), the bubble size increases by about 10% when increasing the ambient temperature to 323 K. Since the vaporization enthalpy of the water is high, this increase is mostly a consequence of the reduction of energy loss by heat diffusion.Fig. 5**Parameter study based the theoretical model**. Maximum predicted radius for different liquid temperatures (*T*~*a*~) for (**a**) lowBP (Resomer-PFP) and (**b**) highBP (PMMA-Hexadecane) capsules, *R*~*ext*~ = 3 μm and *R*~*int*~/*R*~*ext*~ = 0.8. Maximum predicted radius for different inner and outer radii ratios (*R*~*int*~/*R*~*ext*~) for (**c**) lowBP capsules and (**d**) highBP capsules, *T*~*a*~ = 293 K and *R*~*ext*~ = 3 μm. Maximum predicted radius for different external radii (*R*~*ext*~) for (**e**) lowBP and (**f**) highBP, *T*~*a*~ = 293 K and *R*~*int*~/*R*~*ext*~ = 0.8.Fig. 5

The second set of numerical simulations investigates the effect of changing the inner to outer radius ratio, i.e. the ratio of polymer and oil contained in the capsule. The ambient temperature is kept constant at 293 K and R~*ext*~ is kept constant at 3 μm. The volume of polymer influences the amount of heat absorbed and therefore, the amount of energy available for vaporization, see Eq. [(7)](#eq0035){ref-type="disp-formula"}. The lowBP capsules ([Fig. 5](#fig0025){ref-type="fig"}c), display a very specific trend when changing the ratio R~*int*~/R~*ext*~. The maximum bubble radius increases rapidly, then reaches a plateau before displaying a second fast increase in the size of the cavitation bubble as a function of the initial polymer temperature. LowBP oil capsules benefit from an optimal balance between the amount of oil and polymer to reach the highest response, which occurs for a ratio of 0.7--0.8. In contrast, changing the ratio R~*int*~/R~*ext*~ has little influence on the vaporization of highBP capsules ([Fig. 5](#fig0025){ref-type="fig"}d): an increase of the ratio R~*int*~/R~*ext*~ from 0.1 to 0.9 only reduces the diameter of the cavitation bubble by 25%. This counter-intuitive behavior results from the combination of high energy required to vaporize water with a slower thermal exchange between the thick shell and the bubble.

The third and last set of numerical simulations investigates the effect of particle size, which influences both the amount of deposited energy and of oil available for vaporization. To a lower extent, increasing R~*ext*~ also increases the surface area of the polymer, and thus its capacity to exchange heat with the bubble. The latter is a quadratic effect whereas the amount of oil has a cubic effect. The ambient temperature is kept constant at 293 K and the ratio of inner to outer shell radius was set to 0.8. The results are shown in [Fig. 5](#fig0025){ref-type="fig"}e and f. As expected, the response of both highBP and lowBP capsules increases with increasing radius. In the case of highBP capsules, the response mostly saturates for capsules above 3 μm radius ([Fig. 5](#fig0025){ref-type="fig"}f). The gain in the response of lowBP capsules becomes marginal when increasing the capsule radius above 4 μm. Note that the capsules fabricated for this study are 3 μm and 2.5 μm for highBP and lowBP capsules, respectively.

4.2. Experimental vaporization dynamics {#sec0070}
---------------------------------------

Typical radius-time curves and corresponding acoustic emission waveforms recorded in ultra-fast imaging experiments are shown in [Fig. 6](#fig0030){ref-type="fig"}, [Fig. 7](#fig0035){ref-type="fig"}, [Fig. 8](#fig0040){ref-type="fig"} for the lowBP capsules, highBP capsules and cups, respectively. In each case, the best fit to the model is shown by the solid black line, and is in good agreement with the observations.Fig. 6**Radius-time curves and waveforms lowBP capsules (Resomer-PFP) (a)**Example responses of lowBP capsules where the bubble detaches from the capsule, but remains transiently stable and show little response in the following laser irradiations. The numbers I to III correspond to the laser irradiation number. **(b)**The corresponding radius-times curves and acoustic traces are plotted in the lower panel. The solid black line is the best fit to the model for the first laser exposure as a function of the initial polymer temperature obtained for T~*p*~ = 404 K and a PFP content fraction of 48%.Fig. 6Fig. 7**Radius-time curves and waveforms highBP (PMMA-Hexadecane) capsules**. Example responses of two distinct highBP capsules where (**a**) the capsule forms an internal bubble and (**b**), the capsule forms an external bubble. (**c**) Corresponding radius-times curves and acoustic traces are plotted in the lower panel. The solid black line is the best fit to the model for the first laser exposure as a function of the initial polymer temperature obtained for T~*p*~ = 644 K. Each of the particle type is loaded with 5% w/w dye.Fig. 7Fig. 8**Radius-time curves and waveforms lowBP (Resomer-PFP) cups**. (**a**) Example responses of lowBP cups where the cup forms a stable bubble that remains attached to the polymer and displays a decreasing response when repeating the laser irradiation. The numbers I to III correspond to the laser irradiation number. (**b**) The corresponding radius-times curves and acoustic traces are plotted in the lower panel. The solid black line is the best fit to the model for the first laser exposure as a function of the initial polymer temperature obtained for T~*p*~ = 458 K and a PFP content fraction of 48%.Fig. 8

[Fig. 6](#fig0030){ref-type="fig"} displays a recording where a transiently stable bubble remains after a first exposure to a 120 mJ/cm^2^ laser pulse but reacts mildly in the second and third exposures, most likely because the bubble containing the oil vapor detaches from the polymer, thereby preventing an efficient heating of the oil and its vapor.

HighBP capsules can produce two different types of bubbles, an "internal" and an "external" bubble. [Fig. 7](#fig0035){ref-type="fig"}a provides an example of an internal bubble, i.e. a bubble produced without breaking the polymer shell, produced at a 1200 mJ/cm^2^ laser pulse. Note the dramatically higher energy requirement. Application-wise, creating a bubble inside the shell is of limited interest and is therefore not investigated in depth here. An example of another capsule, producing an external bubble is displayed in [Fig. 7](#fig0035){ref-type="fig"}b, produced at a 3800 mJ/cm^2^ laser pulse. Unlike the lowBP capsules, the highBP capsules hardly produce any bubbles that survive the initial inertial collapse.

For Resomer-PFP cups, the polymer shell does not fully encapsulate the oil. As a consequence, the polymer shell does not have to break in order to release the oil core and form a bubble. Typical radius-time curves for cups, shown in [Fig. 8](#fig0040){ref-type="fig"}, produced at a 240 mJ/cm^2^ laser pulse. [Fig. 8](#fig0040){ref-type="fig"} shows a bubble that survives the initial inertial collapse and remains attached to the shell, still active in exposures II and III. On rare occasions, the bubble response can increase with the number of exposures.

4.3. Statistical behavior {#sec0075}
-------------------------

The response of each type of microparticles (loaded with 5% dye) at each laser energy was recorded multiple times in order to quantify the variability. This resulted in the distributions shown in [Fig. 9](#fig0045){ref-type="fig"}. [Fig. 9](#fig0045){ref-type="fig"}b confirms that the intensities required for the activation of a highBP capsule is much higher than for a lowBP capsule or cup ([Fig. 9](#fig0045){ref-type="fig"}a and c). The threshold for bubble formation for highBP capsules lies around 1200 mJ/cm^2^.Fig. 9**Maximum bubble radius**. Maximum radius of the bubble produced by (**a**) low BP (Resomer-PFP) capsules, (**b**) highBP (PMMA-Hexadecane) capsules and (**c**) lowBP (Resomer-PFP) cups for varying fluences. All particles here contain 5% w/w dye.Fig. 9

LowBP particles produce significantly larger bubbles, as large as 17 μm in radius, which is in good agreement with theory. The activation threshold of these capsules is 38 mJ/cm^2^, see [Fig. 9](#fig0045){ref-type="fig"}a. At high energy levels, the expansion of the bubble is so violent that the polymer shell is torn apart and possibly degraded, resulting in a greatly reduced response in the second and third exposures. The threshold for bubble formation for lowBP cups was not determined experimentally but lies below 60 mJ/cm^2^, the lowest fluence used experimentally.

LowBP microcapsules were irradiated three times to monitor the evolution of their response. The resulting statistics are shown in [Fig. 10](#fig0050){ref-type="fig"} for a fluence of 120 mJ/cm^2^. During the second and third exposures, the bubble produced becomes gradually smaller, which is attributed to the destruction of the agent.Fig. 10**Evolution of the lowBP (Resomer-PFP) particle response over three laser pulses**. Maximum bubble radius lowBP (**a**) capsules and (**b**) cups at a laser fluence of 120 mJ/cm^2^, showing the evolution of the response over three laser pulses.Fig. 10

4.4. Comparison of the numerical model to experimental data {#sec0080}
-----------------------------------------------------------

[Fig. 11](#fig0055){ref-type="fig"} shows the lifetime of the bubble as a function of the maximum bubble radius for both numerical and experimental data. The lifetime is extracted from the radius-time curves and defined as the duration of existence of the cavitation bubble, not including possible after-bounces.Fig. 11**Bubble lifetime versus maximum bubble radius**. Bubble lifetime as a function of the maximum bubble radius for (**a**) lowBP (Resomer-PFP) (♦) capsules and (□) cups and for (**b**) highBP (PMMA-hexadecane) capsules containing (▴) 5% dye and (○) 3% dye. The solid lines are the theoretical predictions with a partial oil content of 10%, 40%, 60% and 100% (from light grey to black) of the expected amount as calculated from the capsules formulations. The legend gives the experimental laser fluences in mJ/cm^2^. The thick black symbols represent the experiments depicted in [Fig. 6](#fig0030){ref-type="fig"} and [8](#fig0040){ref-type="fig"} (in **a**) and [Fig. 7](#fig0035){ref-type="fig"} (in **b**.).Fig. 11

It is clear from the model, represented in [Fig. 4](#fig0020){ref-type="fig"}, that (i) the initial polymer temperature is the only relevant parameter to compute the dynamics of the microbubble and (ii), that any initial polymer temperature leads to a unique radius-time curve. This initial temperature is proportional to the product of the optical absorption of the polymer and the laser energy. For a given capsule size and ambient temperature, there is therefore a unique relation between the maximum bubble radius and its lifetime. This relation does not depend on the laser energy or dye concentration but can be sampled by changing either one of these parameters. Given the small impact of the particle morphology (owing to the short timescale of heat diffusion from the polymer to the bubble), the cups will follow the same relation between the bubble lifetime and the maximum bubble radius as the capsules.

In the case of lowBP particles, the theoretical model predicts a significantly longer lifetime for large bubbles than observed experimentally, see [Fig. 11](#fig0055){ref-type="fig"}a. The numerical integration was repeated with a reduced amount of oil in the core, namely 10%, 40%, 60% and 100% of the volume expected from the capsules formulation. The experimental data are spread between the theoretical lines obtained for oil core volumes of 10% to 60%. The theory for highBP capsules ([Fig. 11](#fig0055){ref-type="fig"}b) shows a good agreement with the experimental results. The grey area represents the variation in the model predictions when accounting for the size distribution of the particles, as measured with the coulter counter (see SI1). In [Fig. 11](#fig0055){ref-type="fig"}b, a collection of data points presents a significant maximum bubble radius but no lifetime. These are the internal bubbles (see [Fig. 7](#fig0035){ref-type="fig"}a), where a stable bubble appears within the polymer shell.

The center-frequency of the emitted acoustic signals is plotted against the bubble lifetime in [Fig. 12](#fig0060){ref-type="fig"}. This complementary aspect is representative of the acoustic capabilities of the particles, which is essential for many applications, and in particular medical applications since the acoustic emissions allow for locating and imaging the microcapsules. Furthermore, the acoustic signature is the only parameter that is remotely accessible to quantify the activation of the microcapsules. From [Fig. 12](#fig0060){ref-type="fig"}a, it is obvious that a subpopulation of the PFP-filled particles does not follow the expected trend. This population includes the smallest and shortest-lived bubbles that, instead, follow the water-vaporization curve (i.e. the dashed line). This finding in consistent with bubbles that would be unable to access the expected volume of PFP, leading to the production of smaller bubbles that display the same dynamics as water vapor bubbles. A small quantity of PFP would only reduce the nucleation threshold and subsequently prevent the water from superheating. The precise mechanisms at play here require further investigation. The model is otherwise able to adequately describe the non-trivial vaporization dynamics of the laser-activated particles and provides a possibility for remote non-optical sizing of the cavitation bubbles.Fig. 12**Bubble lifetime as a function of center frequency**. Lifetime as a function of center frequency for (**a**) for Resomer-PFP (lowBP) (♦) capsules and (□) cups and (**b**) PMMA-hexadecane (HighBP) capsules containing (▴) 5% dye and (○) 3% dye. The theoretical predictions for the latter include a partial vaporization of the oil. The legend gives the experimental laser fluences in mJ/cm^2^. The thick black symbols represent the experiments depicted in [Fig. 6](#fig0030){ref-type="fig"} and [8](#fig0040){ref-type="fig"} (in **a**) and [Fig. 7](#fig0035){ref-type="fig"} (in **b**.).Fig. 12

5. Discussion {#sec0085}
=============

5.1. Particle size {#sec0090}
------------------

The particles used in this study are 3 μm in radius. Ultimately, the desired size is sub-micrometric. The model can predict the bubble size generated by smaller particles in relation to the frequency of the acoustic response. The result is displayed in [Fig. 13](#fig0065){ref-type="fig"} for both types of particles. The characteristic curve (center frequency versus bubble radius) is fairly independent of the initial particle size for the HighBP particles where only water is vaporized. The emitted frequencies, however, increase significantly as the particle size decreases. These higher frequencies still fall within the medical range and would even allow for a better resolution for the monitoring of cavitation. The general trend also holds for the LowBP particles, although it is clear that the presence of the low boiling point core lowers the emitted frequencies as compared to similar bubble sizes as in [Fig. 13](#fig0065){ref-type="fig"}b. This effect is most pronounced for small particles. Note that, for a given particle size, the influence of the core vanishes as the cavitation bubbles get larger, namely, as their dynamics become dominated by water vapor.Fig. 13Center frequency versus bubble size as a function of the initial particle radius predicted by the proposed model for (**a**) the LowBP particles and (**b)** the HighBP particles.Fig. 13

5.2. Numerical model {#sec0095}
--------------------

In the numerical simulations, the surface tension was set to zero when the cavitation bubble is smaller than the capsule, to represent a shielding from the polymer shell as the bubble grows. This shielding makes the simulation results consistent when changing the size of the initial nucleus (nucleation is not part of the proposed thermodynamic model) and matches the observations. This shielding does not influence the response to higher energy activations in the simulations.

A choice was made here to treat the two configurations of lowBP particles as a single entity in the simulation. This simplification, however, has very little impact on the outcome of the numerical integration. The only numerical difference is the choice of the polymer thickness, i.e. the timescale for heat transfer from the polymer to the vapor, which remains short (∼0.25 μs) as compared to the observed dynamics.

In the numerical model, where we vary the R~*int*~/R~*ext*~ ratio, the first and third slopes (see [Fig. 5](#fig0025){ref-type="fig"}) are similar for all curves, indicating bubble growth due to vaporization of the oil (first slope) and the water (third slope). The plateau is thus a transition regime where all the oil is vaporized and where the capsule does not have enough energy to vaporize the water. The length of this plateau decreases for increasing R~*int*~/R~*ext*~ ratio, as a result of the increasing volume of oil available in the core. Also as a result of this, the maximum size of the vapor bubbles first increases as a function of R~*int*~/R~*ext*~, before decreasing as the amount of energy that can be stored in the polymer becomes insufficient to support the growing bubble.

Lower R~*int*~/R~*ext*~ ratios render the high boiling point capsules more effective, though this effect is minimal. These thick capsules, however, will be practically more difficult to break and therefore to activate. This nucleation issue for thick capsules is not taken into account in this model.

5.3. Experimental vaporization dynamics {#sec0100}
---------------------------------------

The vaporization threshold, which can be seen in [Fig. 9](#fig0045){ref-type="fig"}, is significantly lower for lowBP capsules than for highBP capsules: 38 mJ/cm^2^ versus 1204 mJ/cm^2^ . The threshold for highBP capsules is expected to be higher, since it relies on the vaporization of water. Additionally, the polymer needs to melt in order to create a nucleation site for the bubble [@bib0105], and the resomer melts around 50 °C while PMMA melts at a temperature of 102 °C. Furthermore, from the optical measurements, the lowBP capsules appeared darker than the highBP capsules, suggesting that the uptake of dye is more efficient in the resomer than in the PMMA. All these factors contribute to the dramatic difference in activation threshold between the two types of capsules.

In this study, we prepared two formulations for the HighBP capsules: one loaded with 3% dye and one loaded with 5% dye. Both were investigated experimentally. However, the dye content makes no difference for the vaporization process, as confirmed by the model, except for lowering the activation threshold. Indeed, both types of capsules follow the expected behavior in [Fig. 11](#fig0055){ref-type="fig"} and [12](#fig0060){ref-type="fig"}, regardless of the dye concentration.

Internal bubbles produced by highBP capsules is a phenomenon that we believe results from the large temperature reached inside the shell due to the spherical divergence of the heat flux, which is potentially enhanced by the presence of dye crystals in the polymer. As a result, the temperature can be locally increased and reach the depolymerization temperature of the shell, which leads to gas formation [@bib0145]. The shell remains otherwise intact which prevents further vaporization.

The comparison between the numerical model and the experiments strongly suggests a loss of perfluoropentane during production of the capsules; high volatility of PFP and small dimensions of the droplets could allow for a partial diffusion/evaporation of the PFP. This hypothesis is consistent with the relatively smaller size of the PFP-filled particles as compared to the Hexadecane-filled particles. This is further confirmed by the very good agreement on the vaporization dynamics observed in [Figs. 6](#fig0030){ref-type="fig"} and [8](#fig0040){ref-type="fig"} when accounting for a partial content of PFP. Additionally, there is a possibility that the violent dynamics involved in the early growth of the bubble separates the vapor nucleus from all, or part, of the oil core, thereby canceling its enhancing effect.

As a control, and to rule out the possible influence of entrapped gas bubble on the surface of the particles, we also irradiated a lowBP capsule sample that was degassed for over an hour. These capsules responded no differently than the native sample. We note as well that the entrapment of gas on such a smooth surface (as revealed by SEM) is unlikely.

5.4. Medical relevance {#sec0105}
----------------------

The particles used in this study have not been optimized for use in a clinical setting. However, there are possibilities to optimize these particles to lower the activation threshold. The absorption wavelength of the dye can for example be changed to the NIR window, allowing the use of relatively high laser fluences. From a chemistry/formulation standpoint, it is clear that the encapsulation efficiency of the dye may also be increased. We would like to point out that, despite the present lack of optimization, the low boiling point capsules are in fact activated significantly below the 100 mJ/cm^2^ threshold permitted in the NIR. Regarding their sizes, the microcapsules are comparable to ultrasound contrast microbubbles, and therefore relevant as blood pool agents. However, micron-sized capsules do not have the capacity to extravasate. The production of sub-micrometer capsules, or nanocapsules, and the observation of their response are challenges in themselves. There, the numerical model, verified for micron-sized capsules provides valuable insights: particles with a size below 1 μm are expected to still produce bubbles with a maximum radius of several micrometers, which (see for example Fig. 13) are readily detected within the medically relevant frequency range.

5.5. Phase transition shift for small particles {#sec0110}
-----------------------------------------------

Phase transition temperatures can shift with size. The melting temperature of gold nanorods, in particular, is known to be much lower than that of bulk gold. This shift, however, is only significant when the surface energy becomes comparable to the internal bulk energy. Following the Gibbs-Thomson derivation, the typical shift in vaporization temperature for a liquid drop (e.g. the capsule\'s core) would be Δ*T* = 4*σ*/*ρHd* with *σ* the surface tension, *d* the capsule diameter, *ρ* the liquid density and *H* the phase change enthalpy. In this example the shift for a 1 μm capsule would reach 0.01% for water and 0.03% for perfluoropentane. The shift in vaporization temperature is therefore negligible.

6. Conclusions {#sec0115}
==============

In this paper, we have studied experimentally and theoretically two formulations and two configurations of light-responsive microparticles. The theory agrees well with the experimental data, although the lowBP capsules seem to vaporize less perfluoropentane than expected. This is nonetheless nicely captured in the model by lowering the amount of PFP available for vaporization. The capsules containing a high boiling point oil require a high threshold for activation (∼1 J/cm^2^) whereas the capsules loaded with a low boiling point oil have an activation threshold ∼30 times lower. The cups displayed a behavior that is very similar, in general, to that of the capsules but are much easier to fabricate. Finally, we observed that the dynamics of the microbubbles generated by both types of capsules is influenced by their content but remain within the same range: in a nut shell, ∼10 μm bubbles, living ∼2.5 μs and, emitting acoustic bursts with a center frequency of 0.5 to 1.5 MHz. These frequencies are highly relevant for medical applications and the pressure level obtained from a a single event can readily be detected by standard ultrasound transducers.
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